Introduction: Luseogliflozin, a potent, selective
Luseogliflozin was approved for use in Japan after favorable pharmacokinetic, pharmacodynamic, and safety profiles were reported in healthy Japanese subjects and patients with type 2 diabetes mellitus (T2DM)
in clinical development studies. We aimed to investigate the pharmacokinetics, pharmacodynamics, and safety of multiple doses of luseogliflozin administered once daily for 7 days in Japanese patients with T2DM.
Methods:
We conducted a randomized, placebo-controlled, single-blind, parallelgroup, clinical pharmacology study at the P-One Clinic, Keikokai Medical Corporation (Tokyo, Japan) between August 2009 and November 2009. Forty Japanese patients with T2DM were randomly assigned to receive oncedaily 0.5, 1, 2.5 or 5 mg luseogliflozin or placebo for 7 days. We assessed the pharmacokinetics, pharmacodynamics (including changes in UGE and plasma glucose concentrations), and safety of luseogliflozin.
Results:
The plasma concentrations of luseogliflozin and its active metabolite, M2, were dose proportional, without accumulation.
24-h UGE was greater in all luseogliflozin groups versus placebo. Least-squares mean differences in 24-h UGE on Day 7 increased dose dependently in the luseogliflozin groups, with values of 49.2, 66.5, 89.4, and 101 g/day at 0.5, 1, 2.5, and 5 mg, respectively. On Day 7, the
INTRODUCTION
Glucose filtered through the glomerulus is reabsorbed by sodium glucose cotransporters (SGLTs) 1 and 2, which are expressed in the renal proximal tubules. SGLT2, in particular, plays a major role in glucose reabsorption, accounting for approximately 90% of glucose reabsorbed in the kidney [1] . In healthy subjects, all glucose is reabsorbed in the kidney and none is excreted into urine. However, if plasma glucose concentrations exceed 160-180 mg/dL, saturation of glucose reabsorption occurs and some glucose is excreted into urine [2] .
Inhibition of SGLT2 decreases the threshold of glucose reabsorption in the kidney, promotes urinary glucose excretion (UGE), and reduces plasma glucose concentrations. Because of this effect, several SGLT2 inhibitors have been developed and some have already been approved [3] [4] [5] .
Luseogliflozin is a potent and selective SGLT2 inhibitor with a 50% inhibitory concentration (IC 50 ) of 2.26 nM, which is 1765-fold lower than its IC 50 for SGLT1 [6, 7] .
In previous Phase I clinical studies, single doses of 1-25 mg luseogliflozin and multiple doses of 5 or 10 mg luseogliflozin for 7 days were well tolerated, and showed favorable pharmacokinetic and pharmacodynamic profiles in healthy Japanese males [8] . Subsequent Phase II [9, 10] and Phase III [11] studies have demonstrated that luseogliflozin monotherapy significantly improves hemoglobin A1c (HbA1c), fasting plasma glucose (FPG), postprandial plasma glucose, body weight, and abdominal circumference over 12-24 weeks of administration in Japanese patients with type 2 diabetes mellitus (T2DM). Administration of luseogliflozin was also well tolerated in these studies, with most adverse events (AEs) being rated as mild in severity. Based on the results of these studies, luseogliflozin was recently approved in Japan for the treatment of T2DM [12] .
As part of the clinical development of luseogliflozin, we conducted this study to assess the pharmacokinetics, pharmacodynamics (including the changes in UGE and plasma glucose concentrations), and safety of multiple doses of luseogliflozin administered once daily (OD) for 7 days in patients with T2DM. The objective of the study was to compare the pharmacokinetics and pharmacodynamics of varying doses of luseogliflozin and provide the rationale for the doses used in the recently published Phase II [9, 10] and Phase III [11] studies.
METHODS
This study was conducted at P-One Clinic, JapicCTI-090909).
Study Design
This randomized, single-blind, placebocontrolled, parallel-group, 7-day multiple-dose study was performed in 40 patients with T2DM.
The randomization scheme was prepared by the drug allocation manager using the PLAN procedure (SAS version 9.1.3; SAS Institute Inc., Cary, NC, USA); the drug allocation manager placed the individual randomization codes into envelopes, which were sent to the study drug allocation controller. After the investigator confirmed the patient's eligibility (see ''Eligibility criteria'' section below), the study drug allocation controller opened the envelope and notified the investigator of the allocated group. All study drugs were indistinguishable in appearance and the patients were blinded to the treatment received. Each patient was admitted to the study institution from Days -2 to 2 and from Days 6 to 11. Subjects were randomized to receive 0. Serum insulin was measured using venous blood samples obtained at the following times: before breakfast, and 0.5, 1, 2, and 4 h after breakfast on Day -1; and before study drug administration (0 h), and 0.5, 1, 2, and 4 h after study drug administration on Days 1 and 7.
Glucose concentrations were measured using an enzymatic method based on glucose dehydrogenase with ultraviolet measurement. Insulin concentrations were measured using a chemiluminescent assay kit. For pharmacokinetic and pharmacodynamic assessments, urine samples were pooled for 0-2, 2-4, 4-6, 6-8, 8-10, 10-12, 12-14, 14-16, and 16-24 h on Days -1, 1, and 7, and for 0-24 h on Days 8, 9, 10, and 13. The volume of water intake was recorded for similar periods to urine collection.
Eligibility Criteria
Japanese outpatients with T2DM diagnosed according to the guidelines proposed by the Japan Diabetes Society [13] 
Clinical Evaluations
Pharmacokinetic endpoints included the plasma and urinary concentrations of luseogliflozin and its active metabolite, M2 (Odeethyl form). Blood and urine samples were collected at the times specified above. The blood samples were immediately processed to extract plasma by centrifugation and stored at -70°C until analysis. The urine samples were pooled at 4°C, and then 4 mL samples were stored at -70°C until pharmacokinetic analysis.
The plasma and urinary concentrations of luseogliflozin and M2 were determined by four validated and separate methods using highperformance liquid chromatography tandem mass spectrometry (LC-MS/MS). For the quantification, stable isotope (deuterium)-labeled internal standards (luseogliflozin-d5 and M2-d5, Taisho Pharmaceutical Co. Ltd., Tokyo, Japan) were used. After solid-phase extraction from plasma or urine, these samples were analyzed by LC-MS/MS. For luseogliflozin, the lower limits of quantification (LLOQ) were 0.05 and 0.5 ng/mL in plasma and urine, respectively. The LLOQ for M2 were 0.1 and 1 ng/mL in plasma and urine, respectively. 
Assessments and Statistical Methods
For this study, we planned to enroll eight patients into each of the luseogliflozin groups to evaluate the safety, pharmacokinetics, and pharmacodynamics of each dose. We also planned to enroll eight patients into the control group as a reference.
All statistical analyses were performed using SAS statistical software (version 9.1.3; SAS Institute Inc.). All of the patients who received luseogliflozin or placebo at least once were included in the safety analysis set. Patients who completed the study without critical protocol deviations and whose data for pharmacokinetic and pharmacodynamic assessment were available were included in the pharmacokinetic and pharmacodynamic analysis sets, respectively. Pharmacokinetic variables were determined using the plasma concentrations of luseogliflozin or M2, and included the maximum concentration (C max ), the time to the maximum concentration (t max ), the area under the concentration-time curve (AUC), and the elimination half-life (t 1/2 ), which were calculated using the non-compartmental method.
The pharmacokinetic dose proportionality was evaluated using a power model with C max and the AUC for the dosing period (AUC s ) for luseogliflozin on Day 7. Pharmacodynamic variables included 24-h cumulative UGE, total UGE, and UGE rate in each collection period. In addition, the AUC, C max , and t max for plasma glucose and serum insulin concentrations on Days -1, 1, and 7 were calculated using the non-compartment model.
The mean plasma glucose (MPG) was calculated as the mean of the plasma glucose values at 0, 2, 4, 6, 12, 14, and 16 h. The dose effect and dose proportionality were assessed using pharmacodynamic parameters determined using the power model (Eq. 1) and were compared among the study groups using b coefficients (converted to log10 values) and 95% confidence intervals. The least-squares (LS) mean differences between placebo and each luseogliflozin dose with 95% confidence intervals were estimated for each parameter. Correlations between the change in UGE and the change in plasma glucose were also assessed graphically.
where eij is an error term based on an independent normal distribution, ji the dose
l the overall mean value, N the total number of patients in each treatment group, and yij the value for the pharmacodynamic parameter of interest.
Regression analysis was performed using the sigmoid E max model (Eq. 2) with the AUC 0-24h for plasma glucose and the change in UGE for each subject.
where AUC is the area under the curve, EC 50 the AUC at 50% of the UGE, E max the maximum change in UGE, c the Hill coefficient, and UGE the urinary glucose excretion. Adverse events were coded using the Medical Dictionary for Regulatory Activities (MedDRA) version 12.1. AEs were classified in terms of severity (mild, moderate, or severe) and possible association with the study drug (definitely related, probably related, possibly related, not related, or unknown) by an investigator.
RESULTS

Patients and Baseline Characteristics
Forty patients with T2DM (34 male and 6 female)
were randomly assigned to receive luseogliflozin (0.5, 1, 2.5, or 5 mg) or placebo OD, of whom 39 completed the study. One patient who was allocated to 0.5 mg luseogliflozin discontinued with the study immediately after the first dose owing to withdrawal of consent. , respectively (Table 1 ). Day 7 for the doses tested in this study (data not shown). Regarding M2, the mean t max was 
Pharmacokinetics
Pharmacodynamics
The pharmacodynamic variables after a single dose or multiple doses of luseogliflozin administered OD for 7 days are summarized in Table 3 , and the changes in mean daily UGE from baseline (Day -1) are shown in Fig. 2 The UGE rate was significantly greater in all four luseogliflozin groups than in the placebo group at all times on Days 1 and 7 ( The C max and AUC for postprandial plasma glucose at 4 h after each meal decreased in all four luseogliflozin groups, and the decreases were significant in the 2.5 mg and 5 mg luseogliflozin groups compared with placebo.
MPG decreased significantly in all four luseogliflozin groups compared with placebo. The serum insulin concentrations tended to decrease in all four luseogliflozin groups. The AUC 0-4h for insulin on Day 7 was significantly lower in the 0.5, 1, and 2.5 mg luseogliflozin groups than in the placebo group. Figure 5 shows the relationship between the change in UGE from Day -1 and the change in Regression analysis with the E max model was used to examine the relationship between the plasma luseogliflozin concentration and the change in UGE in each subject. The estimated values of E max , EC 50 , and c were 119 g/day, 254 ng h/mL, and 0.931, respectively (Fig. 6 ).
Safety
Forty patients were included in the safety assessments. Nine AEs occurred in seven patients (Table 4) . One adverse drug reaction (constipation) occurred in one patient in the 0.5 mg luseogliflozin group. All of the events were mild in severity. There were no serious AEs or AEs leading to discontinuation. There were 
DISCUSSION
Once-daily administration of 0.5, 1, 2.5, or 5 mg luseogliflozin for 7 days increased UGE in a dose-dependent manner and reduced both FPG and postprandial plasma glucose in Japanese patients with T2DM. These effects of luseogliflozin were sustained throughout the day with once-daily administration before breakfast. Once-daily luseogliflozin rapidly and significantly increased UGE compared with placebo. These effects were apparent after the first dose and were sustained throughout the day. UGE increased dose dependently, and the mean daily UGE after 7 days of multiple doses of 5 mg was 101 g, which is approximately 85% of the maximal UGE value (119 g) estimated using the E max model. Therefore, the effects of Values are presented as the mean ± standard deviation. UGE urinary glucose excretion luseogliflozin on UGE were nearly maximal at 5 mg luseogliflozin and no further increases in UGE are expected at doses exceeding 5 mg, providing rationale for the doses used in the Phase II [9, 10] and Phase III [11] clinical trials. In addition, the UGE for 2.5 and 5 mg luseogliflozin was similar to the maximal UGE (85-100 g) reported for other SGLT2 inhibitors, including dapagliflozin, canagliflozin, empagliflozin, and ipragliflozin, in patients with T2DM [14] [15] [16] [17] .
In this study, we observed that the UGE rate tended to increase after each meal. Because of the postprandial increase in plasma glucose level, greater concentrations of glucose are filtered through the renal glomerulus, which may cause an increase in UGE during the inhibition of SGLT2. Furthermore, after administering luseogliflozin OD for 7 days, the mean UGE in the 5 mg luseogliflozin group was 101 g/day, which is greater than that reported in healthy subjects on luseogliflozin (58.0 g/day) [8] . The increased UGE rate might also be caused by the higher plasma glucose concentrations in patients with T2DM than in healthy subjects. As would be expected, UGE returned toward the baseline value in each group within 1-3 days after treatment discontinuation, consistent with the elimination of the last dose of luseogliflozin. These data highlight the need for continued once-daily dosing to maintain the pharmacokinetic and pharmacodynamic profile of luseogliflozin.
In association with the increase in UGE, plasma glucose decreased immediately after the first dose. On Day 7 of luseogliflozin treatment, plasma glucose AUC and C max decreased after Fig. 3 Urinary glucose excretion rate-time profiles on Day -1 (a), Day 1 (b), and Day 7 (c). The UGE rate was significantly greater in all four luseogliflozin groups than in the placebo group at all times on Days 1 and 7, reaching a peak at 2-4 h after each meal. Values are presented as the mean ± standard deviation. UGE urinary glucose excretion dinner as did MPG and FPG. These results indicate that once-daily administration of luseogliflozin before breakfast improved FPG and postprandial glucose in patients with T2DM. Further, these glucose-lowering effects were sustained throughout the day.
A correlation between the increment of UGE and the decrement of plasma glucose was observed in this study. Therefore, the glycemic-lowering effect of luseogliflozin in patients with T2DM was considered to depend on the amount of UGE. In addition, because luseogliflozin and M2 in this study of patients with T2DM are similar to those observed in healthy males [8] . On Day 7, the C max and AUC of luseogliflozin and M2 showed dose dependency of the agents, and exposure to M2
at a molar ratio to luseogliflozin was low. Luseogliflozin was rapidly absorbed with a t max Luseogliflozin was well tolerated in this 7-day multiple-dose study in patients with T2DM with a low incidence of AEs. In longer clinical trials, luseogliflozin was also associated with a low incidence of AEs, with most AEs being rated as mild in severity [9] [10] [11] . Furthermore, the safety profile of luseogliflozin does not appear to be related to its dose.
Like other SGLT2 inhibitors [1] , luseogliflozin acts in an insulin-independent manner and is expected to carry a low risk of hypoglycemia.
Although luseogliflozin decreased FPG, none of the patients had extremely low glucose concentrations of\70 mg/dL or experienced hypoglycemic events. The incidence of hypoglycemia was also very low in the Phase II and III studies, occurring in 1.9% (1/54) of patients treated with 5 mg luseogliflozin [10] , in 1.7% (1/60) of patients treated with 0.5 mg luseogliflozin [9] , and in 1.3% (1/79) of patients treated with 2.5 mg luseogliflozin [11] , but not in the other dose groups.
It is possible that enhanced UGE affects the electrolyte balance in relation to change in water loss. Although changes in urinary electrolytes (sodium, potassium, chloride, phosphorus) and serum phosphorus were observed on Day 1 in the present study, these changes were not considered clinically meaningful. The mechanism of action of SGLT2 inhibitors has also raised concern over the risk of urinary tract/genital infections and changes in renal function [18, 19] . In the present study, there were no findings indicative of urinary tract/genital infections, nor were there any signs of worsening of renal function during the 7 days of treatment. In the Phase III study, the incidences of AEs related to genital infection and renal function were similar between the 2.5 mg luseogliflozin Change from baseline to Day 1 4.5 ± 5.1 -1.7 ± 6.0 3.5 ± 9.6 -5.6 ± 9.5 -1.3 ± 12.5
Change from baseline to The increase in UGE in the 5 mg luseogliflozin group corresponded to about 100 g glucose/day, which is equivalent to an energy loss of approximately 400 kcal. There was a slight increase in urine volume on Day 1, which may be related to osmotic diuresis caused by UGE. These calorie loss and increased urine volume observations may be associated with a reduction in body weight during longer term administration. In fact, a small reduction in body weight was observed on Day 7, which is probably related to a decrease in fluid volume.
Over 24 weeks of treatment, 2.5 mg luseogliflozin was associated with a body weight change of -2.70 versus -0.93 kg for placebo (P\0.05), which probably reflects an increase in energy loss and a change in fluid volume. The increase in urine output may also increase the risk of hypovolemia or pollakiuria.
Although neither was observed in the present study, pollakiuria occurred in 2.5% (2/79) and 1.3% (1/79) of patients treated with 2.5 mg luseogliflozin and placebo, respectively, in the Phase III study, but no episodes of volume depletion were observed [11] .
CONCLUSION
In this study, administration of 0.5-5 mg luseogliflozin increased UGE in a dosedependent manner, decreased plasma glucose, and was well tolerated in Japanese patients with T2DM.
The pharmacokinetic and pharmacodynamic profile of luseogliflozin observed in this study supports its once-daily dosing regimen, as used in recently published clinical trials [9] [10] [11] .
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